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ORIGINAL ARTICLE 

Suppression of radiation-induced DNA double-strand break 
repair by MyD88 is accompanied by apoptosis and crypt loss 
in mouse colon 

XY Lai and LJ Egan 

Intestinal microbes promote the injurious effects of radiation on those tissues. However, the molecular factors mediating this effect 
are largely unknown. In this work, we explored the effects of orally administered antibiotics and MyD88, a key adapter molecule in 
toll-like receptor signaling, on molecular and cellular responses of mouse colon to radiation. Results show that oral antibiotics 
lowered radiation-induced colonic damage by protecting epithelial cells against radiation-induced apoptosis, leading to increased 
survival of crypts. MyD88 deficiency partially phenocopied the effects of oral antibiotics on apoptosis and crypt survival, suggesting 
that colonic microbes exert their injurious effects in part via that molecule. Analysis of DNA double-strand breaks, the primary 
genotoxic lesions induced by radiation, showed that their early induction in mouse colon was unaffected by MyD88. However, 
MyD88 deficiency resulted in the later disappearance of DNA double-strand breaks. Loss of DNA double-strand breaks was 
accompanied by the evidence of increased activation of both the non-homologous end-joining and homologous recombination 
pathways of DNA repair in MyD88-deficient mice. These results show that colonic microbes and MyD88 regulate DNA double-strand 
break repair in irradiated mouse colon, effects which exert significant control over radiation-induced apoptosis and crypt survival. 
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INTRODUCTION 

During the radiotherapy of abdominal or pelvic malignancies, 
ionizing radiation can damage the mucosal surface of the 
gastrointestinal tract, leading to symptoms that may necessitate 
a reduction in radiation dose or the cessation of therapy. 
Furthermore, accidents at nuclear-energy facilities or following 
nuclear warfare lead to serious life-threatening intestinal injury. To 
date, biological strategies to limit intestinal radiation injury have 
been hindered by an insufficient understanding of the pathophy- 
siology of this condition. 

Studies in mice have provided mechanistic insights into some 
aspects of intestinal radiation injury. At the cellular level, 
ionizing radiation induces DNA double-strand breaks, which 
trigger a p53-mediated response. 1 If double-strand breaks are 
sufficiently abundant, the p53 response can result in apoptosis. 
However, if double-strand breaks are few, the p53 response 
may halt cell cycle progression and following DNA double-strand 
break repair, allow the cell to survive. 2 In the intestinal epithelium, 
the rapidly dividing crypt transit cells are the most sensitive to 
radiation-induced apoptosis, which can be detected at doses of 
< 1 Gy, within minutes of radiation. At radiation doses of 8-1 2 Gy, 
the relatively more radioresistant stem cells of the crypts 
undergo apoptosis. 3 The death of these cells is assessed by 
using the crypt microcolony assay that measures the survival 
and repopulation of damaged crypts several days after radiation. 4 
The early induction of intestinal epithelial cell apoptosis by 
radiation, followed by later mucosal damage due to progressive 



loss of crypts leads to the mucositis that follows several days 
after the beginning of abdominal or pelvic radiotherapy. 
The sensitivity of intestinal crypt epithelial stem cells to undergo 
apoptosis following radiation therefore determines the severity 
of injury. 

Soluble factors in the microenvironment of the intestinal crypt, 
notably prostaglandins, have been shown to regulate radiation- 
induced injury. 5-7 Work using germ-free mice has also shown an 
important role for the intestinal microflora in stimulating 
radiation-induced crypt loss and lethality. 8,9 This suggests that 
intestinal microbes or their products influence the sensitivity of 
intestinal epithelial stem cells to undergo radiation-induced 
apoptosis. However, the mechanism by which microbes might 
signal to intestinal epithelial cells to promote their apoptosis is not 
known. Moreover, little is understood about whether microbial 
signaling affects the sensitivity of intestinal epithelial cells to 
radiation-induced apoptosis via an interaction with the DNA 
double-strand break response, or via other effects. 

Toll-like receptors (TLRs) have been extensively characterized 
as cell-surface molecules that sense substances derived from 
microbes and thus are candidates for components of a microbial 
signaling pathway regulating the intestinal radiation response. 
Most TLRs, with the exception of TLR3, recruit MyD88, a critical 
adaptor molecule required for signalling from TLRs (reviewed 
by Fitzgerald and Chen 10 ). With a mechanism not completely 
understood, different TLR ligands induce distinct cellular 
responses, including TLR-2/-4-mediated cellular apoptosis. 11,12 
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In order to gain insights into how microbial factors control 
radiation-induced colonic mucosal injury, we used antibiotic- 
treated mice and MyD88 knockout mice, and analyzed the 
cardinal features of radiation injury: cell death and DNA damage. 
The results show that colonic microbes and MyD88 regulate 
radiation-induced DNA damage responses that control the 
sensitivity of colonic epithelial cells to undergo apoptosis. 

RESULTS 

Antibiotics attenuate the Gl radiation syndrome by promoting the 
survival of colonic epithelial crypts 

Previous work in germ-free mice indicated that intestinal microbes 
promoted the induction of radiation-induced injury to the 
small intestine. 8,9 We first treated mice with broad spectrum 
orally administered antibiotics, according to established protocols 



(see Materials and methods) to determine if pharmacological 
modulation of the colonic microbiota could alter colonic radiation 
responses. 13,14 Before radiation, there are no significant 
differences in water or food intake between the antibiotic- 
treated mice and control mice. In the 4.5 days following exposure 
to low doses (4 or 6 Gy) of radiation, similar decreases in water and 
food intake were observed in both antibiotic-treated mice and 
controls (Figures 1a and b). However, at higher doses of radiation 
(8, 10, 14 or 20 Gy), no further reductions in the amount of either 
water or food intake were observed in antibiotic-treated mice, but 
in control mice without antibiotics, both water and food intake 
were lower. The radiation-induced reduction in food and water 
intake in control mice was accompanied by weight loss, which was 
also more pronounced in the control than in the antibiotic-treated 
mice (Figure 1c). These results suggested that oral antibiotics 
might mitigate radiation-induced gastrointestinal (Gl) syndrome. 
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Figure 1. Antibiotics attenuate the Gl radiation syndrome by promoting the survival of colonic epithelial crypts, (a) Daily consumption of 
water and food (b) in antibiotic-treated and control mice in the 4.5 days following the indicated doses of whole-body radiation, (c) Body 
weight at baseline and 4.5 days following 1 4 Gy whole-body radiation in antibiotic-treated and control mice, (d) H&E-stained sections of colon 
at baseline and 4.5 days post 14Gy whole-body radiation in antibiotic-treated and control mice, (e) Results of the colon crypt microcolony 
assay at 4.5 days following whole-body radiation in antibiotic-treated and control mice, (f) Representative PCNA immunofluorescence of colon 
sections, at baseline and 4.5 days following 14Gy whole-body radiation in antibiotic-treated and control mice. Blue is DAPI nuclear staining. 
Red is PCNA staining. Quantification of PCNA staining at 4.5 days post radiation in antibiotic-treated and control mice, (g) Assessment of PCNA 
staining by crypt cell position at 4.5 days post radiation. In all panels, means ± standard error are shown, **P<0.01 antibiotic-treated versus 
control mice. 
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To assess the degree of colonic injury caused by radiation, we 
examined histological sections of colon obtained from non- 
irradiated mice or from mice 4.5 days following irradiation. 
Appearances were identical in antibiotic-treated and control mice 
without radiation (Figure 1d). Antibiotic-treated mice 4.5 days 
after irradiation also had an almost normal appearing colonic 
architecture even at high doses of radiation up to 14 or 20 Gy. 
However, control mice exhibited a severe loss of normal crypt 
architecture and cellularity accompanied by a striking inflamma- 
tory cell infiltrate into the lamina propria. Consistent with 
established paradigms of radiation-induced colon crypt killing, 
the crypt microcolony assay revealed a progressive dose- 
dependent crypt loss in control mice that received doses of 
^10Gy (Figure 1e). In contrast, very little crypt loss occurred in 
antibiotic-treated mice, even with 20 Gy radiation, a dose that is 
sufficient to almost completely kill all colonic crypts of control 
mice. 

The loss of cells within colonic crypts in control mice could have 
resulted from diminished epithelial proliferation and/or increased 
cell death. Therefore, we assessed colonic epithelial cell prolifera- 
tion by quantifying S-phase cells with proliferating cellular nuclear 
antigen (PCNA) immunohistochemistry. In control mice, we 
observed a radiation dose-dependent decline in the average 
number of PCNA-positive cells 4.5 days following irradiation 
(Figure 1f). In contrast, antibiotic-treated mice were protected 
against radiation-induced loss of PCNA-positive cells. We localized 
the position of PCNA-positive cells in non-irradiated control mice 
and found that most were at positions 1-6 from the crypt base, 
the stem and transit cell zones (Figure 1g). Fourteen Gray of 
radiation almost completely abolished PCNA positivity in control 
mice, but antibiotic treatment restored the pattern of PCNA 
positivity to that observed in non-irradiated control mice. 
Together, these results indicate that the luminal microbiota 
imparts radiosensitivity to colonic epithelial stem cells, thereby 
promoting the development of the radiation Gl syndrome 

We further aimed to distinguish if the protection from radiation- 
induced colonic injury conferred by oral antibiotics is due to a 
reduction in radiation-induced apoptosis. As shown in Figure 2a, 
at 4.5 h post exposure to 14Gy, the typical morphological 
characteristics of apoptosis, such as membrane blebbing, cyto- 
plasmic and nuclear shrinkage, DNA fragmentation and chromatin 
condensation, were observed in non-antibiotic-treated control 
mice. In contrast, in antibiotic-treated mice, no or sometimes one 
or two apoptotic cells could be found in a colonic crypt section. 
We further assessed colonic epithelial cellular apoptosis by 
terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) staining. In both antibiotic-treated and control mice 
without radiation, the baseline of TUNEL staining is low 
(Figure 2b). At 4.5 h post exposure to 14Gy, we observed a 
striking increase in the number of TUNEL-positive cells in control 
mice. In antibiotic-treated mice there also was an increase in the 
number of TUNEL-positive cells, but to a lesser degree than in 
control mice. Positional analysis of TUNEL-positive cells showed 
that they were mostly located at positions 1 to 6 from the crypt 
base. Antibiotic treatment significantly lowered the rate of TUNEL- 
positive cells at all those positions, almost to the rates observed in 
non-irradiated mice. These data show that antibiotics protect 
colonic crypt cells from radiation-induced apoptosis. When taken 
together with the results of the crypt microcolony assay, it appears 
that oral antibiotics block the apoptotic killing of crypt stem cells 
by radiation, which results in significantly lower crypt loss and 
colonic mucosal injury. 



MyD88 has a pathogenic role in the colonic Gl syndrome and crypt 
survival 

As oral antibiotic-treated mice are resistant to radiation-induced 
damage in the colon, this suggested that luminal microbes 
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Figure 2. Antibiotics protect the colonic epithelial cells located in 
the stem and progenitor cell zone against radiation-induced 
apoptosis. (a) Representative images of H&E-stained colon sections 
in antibiotic-treated and control mice at baseline and 4.5 h after 
14Gy radiation, (b) Representative images of DAPI and TUNEL 
stained sections of colon in antibiotic-treated and control mice at 
baseline and 4.5 h after 14Gy radiation. Blue is DAPI nuclear staining 
and TUNEL is green. Quantification of TUNEL-positive cells at 
baseline and 4.5 h post 14Gy radiation, (c) Assessment of TUNEL 
positivity by crypt cell position. In all panels, means ± standard error 
are shown, **P<0.01 antibiotic-treated versus control mice. 
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modulate colonic epithelial radiosensitivity. Previous studies 
suggested that gut microbes or their products acting via TLRs 
could induce cellular apoptosis in vitro or modulate intestinal 
radiosensitivity in vivo. 8,9 Therefore, we employed MyD88 
knockout mice which lack most TLR-dependent signaling, as 
well as signaling from interleukin-1 and -18 to determine if those 
receptors are responsible for gut microbial-enhanced apoptotic 
response to radiation. 

We used a radiation dose of 14Gy, one that is efficient at 
inducing a high degree of DNA damage and reliably results in Gl 
syndrome in the colon. 15 As assessed by loss of body weight, both 
wild-type and MyD88 knockout mice were affected by the Gl 
syndrome in the 4.5 days following 14Gy irradiation (Figure 3a). 
However, the degree of weight loss in wild-type mice was 
significantly greater than the weight loss in MyD88 knockout mice. 
The average daily food intake in wild-type mice also fell by more 



than that of MyD88 knockout mice (Figure 3b), with correspond- 
ing changes in water intake (Figure 3c). These clinical parameters 
indicated that wild-type mice were affected more severely by the 
damaging effects of radiation. We also examined the colons of 
mice at baseline and 4.5 days following radiation. Hematoxylin 
and eosin (H&E) staining showed identical normal-appearing 
morphology of the colonic epithelium in MyD88 knockout and 
wild-type mice (Figure 3d). At 4.5 days following 14Gy irradiation, 
wild-type mice suffered colonic mucosal injury. Crypts were lost, 
and there was dramatic inflammation in the lamina propria. 
MyD88 knockout mice also suffered some colonic injury with loss 
of crypts and milder mucosal inflammation. Results of the crypt 
microcolony assay showed almost complete loss of viable colon 
crypts in the wild-type mice (Figure 3e). In marked contrast, 
MyD88 knockout mice only suffered ~50% crypt loss. PCNA 
staining was also done to check the viability of the residual 
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Figure 3. MyD88 deficiency decreases the radiation-induced Gl syndrome through increasing the survival of colon crypts, (a) Body weight at 
baseline and 4.5 days following 14Gy whole-body radiation in MyD88-deficient and wild-type mice, (b) Daily consumption of food and water 
(c) in MyD88-deficient and wild-type mice in the 4.5 days following 14Gy whole-body radiation, (d) H&E-stained sections of colon at baseline 
and 4.5 days post 14Gy whole-body radiation in MyD88-deficient and wild-type mice, (e) Results of the colon crypt microcolony assay at 
baseline and 4.5 days following 14Gy whole-body radiation in MyD88-deficient and wild-type mice, (f) Representative PCNA 
immunofluorescence of colon sections, at baseline and 4.5 days following 14Gy whole-body radiation in MyD88-deficient and wild type 
mice. Quantification of PCNA staining at baseline and 4.5 days post 14Gy radiation. Blue is DAPI nuclear staining. Red is PCNA staining. In all 
panels, means ± standard error are shown, *P<0.05, **P<0.01 MyD88-deficient versus wild-type mice. 
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epithelial cells. Similar numbers of PCNA-positive cells per crypt 
section were observed in wild-type and MyD88 knockout mice 
in the baseline condition (Figure 3f). However, numbers were 
dramatically lowered by 4.5 days following radiation in the 
wild-type mice. In contrast, there was significantly higher survival 
of PCNA-positive cells in the MyD88 knockout mice, a finding 
that is consistent with the preserved viability of epithelial cells 
in those mice. 

We next assessed the effects of MyD88 deficiency on radiation- 
induced apoptosis. As shown in Figure 4a, wild-type mice 
developed apoptotic cells at 4.5 h post exposure to 14Gy, whereas 
MyD88 knockout mice displayed markedly fewer apoptotic cells. 
TUNEL-positive cells were induced by radiation in both wild-type 
and MyD88 knockout mice, but the abundance of TUNEL positivity 
was two- to three-fold higher in wild-type than in MyD88 knockout 
mice (Figure 4b). Taken together, these findings indicate that 
MyD88 deficiency partly phenocopies the effects of antibiotics as 
regards colonic crypt epithelial responses to radiation. 

As DNA double-strand break is the primary genotoxic lesion 
induced by ionizing radiation, we next assessed any correlation 
between them and apoptosis. We used immunofluorescent 
staining of y-H2ax, which is a molecular marker that accumulates 
at DNA double-strand breaks, resulting in immunofluorescent foci 
that are a reliable indicator of the abundance of strand breaks. 16,17 
As shown in Figure 4b, double staining with y-H2ax and TUNEL at 
4.5 hours post radiation in wild-type mice showed that most 
TUNEL-positive cells also showed y-H2ax immunoreactivity. Over 
95% of the double-labeled cells showed colocalization between 
TUNEL and y-H2ax. In contrast, only few y-H2ax-positive cells 
could be seen in the MyD88 knockout mice. These findings 
indicate an important consequence of MyD88-dependent regula- 
tion of DNA damage responses, suggesting that DNA damage 
repair machinery may underlie the molecular mechanism of 
radiation-induced epithelial apoptosis. 



Disappearance of radiation-induced DNA double-strand breaks 
in MyD88 knockout mouse colon. 

We next explored further how DNA double-strand breaks 
correlated with the differential responses of colon epithelial cells 
to radiation conferred by MyD88, by assessing the kinetics of 
double-strand break formation and resolution in colon crypt 
epithelial cells of mice following radiation. As early as 15min 
following radiation, there was a dramatic induction of y-H2ax foci 
in epithelial cells of the colon crypts (Figure 5a). The number of 
y-H2ax foci that were induced by radiation was initially similar 
between MyD88-deficient and wild-type mice and increased up to 
about 1.5 h following radiation. However, by 4.5 h post radiation, 
the number of y-H2ax foci further increased in wild-type mice, but 
fell dramatically in the MyD88 knockout mice. At that time 
following radiation, y-H2ax foci were ~10 times lower in MyD88 
knockout than wild-type mice. This shows that the initial 
responses of colon epithelial cells to radiation was not affected 
by MyD88, but the significant disappearance of y-H2ax foci at the 
later time indicates a regulatory role for MyD88 in DNA damage 
responses. 

The mutated in ataxia telangiectasia kinase, ATM is an early 
transducer of intracellular signaling from DNA double-strand 
breaks, 18 and can be functionally assessed by immunofluorescent 
detection of serine 1981 phosphorylation (P-s1981-Atm). 19 We 
observed similar basal levels of P-s1981-Atm foci in wild-type and 
MyD88 knockout mice (Figure 5b). However, at 4.5 h following 
radiation, P-s1981-Atm foci were approximately two-times higher 
in wild-type than in MyD88 knockout mice. Thus, by 4.5 h 
following radiation, not only is the abundance of DNA double- 
strand breaks lower in MyD88 knockout than in wild-type mice but 
this difference is also accompanied by a reduced DNA damage 
signaling. 
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Figure 4. MyD88 deficiency decreases radiation-induced apoptosis 
in mouse colon following whole-body radiation, (a) Representative 
images of H&E-stained colon sections in MyD88-deficient and wild- 
type mice 4.5 h after 14Gy whole-body radiation, (b) Representative 
images of consecutive DAPI, TUNEL and y-H2ax-stained sections of 
colon in MyD88-deficient and wild-type mice 4.5 h after 14Gy 
radiation. Blue is DAPI nuclear staining, TUNEL is green and y-H2ax is 
red. In the merged image, yellow indicates colocalization of TUNEL- 
y-H2ax double-positive nuclei, (c) Quantification of TUNEL-positive 
cells at baseline and 4.5 h post 14Gy radiation. In all panels, 
means ± standard error are shown, **P<0.01 MyD88-deficient 
versus wild-type mice. 



© 2013 Macmillan Publishers Limited 



Oncogenesis (2013), 1 -9 



Regulation of DNA double-strand break repair by MyD88 

XY Lai and LJ Egan 




14 Gy 



b 




Figure 5. MyD88 deficiency results in differentiated y-H2ax and p-s1981-Atm kinetics in mouse colon following whole-body radiation, 
(a) Representative y-H2ax foci immunofluorescence of colon sections, at the indicated times following 14Gy whole-body radiation in MyD88- 
deficient and wild-type mice. Quantification of y-H2ax foci and their time course following 14Gy radiation, (b) Representative p-s1981-Atm 
foci immunofluorescence of colon sections, at baseline and 4.5 h following 14Gy radiation in MyD88-deficient and wild-type mice, 
(c) Quantification of p-s1981-Atm foci at baseline and 4.5 h post 14Gy radiation. Blue is DAPI nuclear staining. Red is y-H2ax or p-s1981-Atm 
staining. In both panels, means ± standard error are shown, **P<0.01 MyD88-deficient versus wild-type mice. 



Increased DNA repair protein activation in MyD88 knockout mice 
The observation of lower y-H2ax and P-s1981-Atm foci by 4.5 h 
post radiation in MyD88 knockout mouse colon compared to that 
in wild-type suggested that MyD88 might inhibit DNA double- 
strand break repair. To assess this possibility, we compared 
markers of DNA repair pathway activation in wild-type and MyD88 
knockout mice. We used the appearance of Ku70-80 foci as a 
marker of the non-homologous end-joining pathway, 20 and Rad51 
foci as a marker of the homologous recombination pathway of 
DNA double-strand break repair. 21 At baseline, few Ku70-80 foci 
were present in either mice (Figure 6a). However, 4.5 h post 
radiation, there were clear Ku70-80-positive foci mostly localized 
at the bottom of colon crypts in MyD88 knockout mice. In 
contrast, few Ku70-80-positive cells were noted in wild-type mice. 
Similar to the results obtained with Ku70-80, we found compar- 
able baseline numbers, but significantly lower 4.5 h post-radiation 
numbers of Rad51 foci in wild-type compared to that in MyD88 
knockout mice (Figure 6b). Therefore, these results suggest that 
MyD88-mediated signaling controls DNA double-strand break 
repair pathways, both non-homologous end-joining and homo- 
logous recombination. 



DISCUSSION 

Intestinal microbial signaling is increasingly recognized to have 
important roles in the pathogenesis of many gastrointestinal 
diseases including colon cancer, colitis and radiation enteritis 22-25 
Our results show that exposure of mice to a regime of oral 
antibiotics that significantly alters the intestinal microbial flora 13,14 



affects the sensitivity of the colon epithelial cells to radiation- 
induced apoptosis, crypt loss and Gl syndrome. The effects 
of antibiotics were partially phenocopied by deficiency of 
MyD88, indicating an injurious role of MyD88, which is 
accompanied by a dampening or inhibitory effect on DNA 
double-strand break repair in colon epithelial cells. Greater DNA 
double-strand break repair in MyD88-deficient mice led to lower 
levels of apoptosis, less-severe Gl syndrome and significantly 
superior crypt survival. Together, these findings suggest that 
normal colonic microbes and MyD88 inhibit the repair of 
radiation-induced DNA damage resulting in the prolonged 
induction of DNA damage signaling that results in apoptosis, 
crypt loss and Gl injury. 

Our results have shed some light on the molecular mechanism 
by which colonic microbes and MyD88 regulate the colonic 
radiation response of the colon. We found that y-H2ax-positive 
DNA double-strand breaks, the earliest molecular lesions induced 
by ionizing radiation, were induced to a similar extent both in the 
presence and absence of MyD88. However, there followed a loss 
of double-strand breaks and a concomitant increase in the 
activation of DNA double-strand break repair pathways in MyD88 
knockout mice, which was lower than that observed in control 
mice. It has been suggested that y-H2ax foci are functionally 
linked to apoptosis after cytotoxic treatments. 26,27 Other work 
showed that radiosensitive tumor cells retained y-H2ax longer 
than did radioresistant cells following exposure to radiation. 28 
These findings suggest that MyD88 is involved in the maintenance 
of DNA double-strand breaks, possibly by inhibiting their 
repair. Interestingly, both the non-homologous end-joining and 
homologous recombination repair pathways were over-activated 
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Figure 6. MyD88 deficiency results in enhanced DNA repair in mouse colon following whole-body radiation, (a) Representative Ku 70-80 
immunofluorescence of colon sections, at baseline and 4.5 h following 14Gy whole-body radiation, in MyD88-deficient and wild-type mice. 
Quantification of Ku 70-80 foci at baseline and 4.5 h post 14Gy radiation, (b) Representative Rad51 immunofluorescence of colon sections, at 
baseline and 4.5 h following 14Gy whole-body radiation, MyD88-deficient and wild-type mice. Quantification of Rad51 foci at baseline and 
4.5 h post 14Gy radiation. Blue is DAPI nuclear staining. Red is Ku 70-80 or Rad51 staining. In both panels, means ± standard error are shown, 
**P<0.01 MyD88-deficient versus wild-type mice. 



in the absence of MyD88, suggesting that MyD88 does not exert a 
specific inhibitory effect on either pathway. Furthermore, we 
showed that the preservation of radiation-induced DNA double- 
strand breaks under the influence of MyD88 is followed by 
apoptosis of those cells. From these data, we suggest that 
epithelial stem cell fate following radiation is regulated by 
MyD88, as the effects on double-strand breaks and apoptosis 
were followed by less-severe Gl syndrome and crypt loss in 
knockout mice. 

We did not measure the effects of the antibiotic treatment on 
the abundance or species of microbes in the mice. However, a 
previous publication showed that the cocktail of antibiotics we 
used produced very significant reductions in bacteria across a 
broad spectrum. 14 Thus, we do not know if the observed 
phenomena are explained by an overall change in microbial 
numbers or by more specific effects of some species. It is also 
possible that the beneficial effects of antibiotics in our 
experiments were in part due to the prevention of systemic 
sepsis that could occur due to bacterial translocation following 
radiation-induced colonic injury. 

From our data, we cannot ascertain whether the effects of 
microbes or MyD88 on colonic radiation responses are epithelial 
cell-autonomous or dependent on its role in other cells. However, 
the latter mechanism is perhaps more likely as evidence has 
already accumulated that the responses of cancer cells to 
radiation injury are influenced by MyD88-dependent signaling in 
other cells in their microenvironment. 29 Other work has shown 
that radiation damages the microvasculature of the intestinal 
mucosa that resulted in perfusion defects that contribute to 
epithelial cell apoptosis. 30 Our results show that MyD88 promotes 
colonic radiation injury, but prior work has shown that the 



systemic administration of two TLR ligands has an opposite 
radioprotective effect. Bacterial lipopolysaccharide, a ligand for 
TLR-4, protects crypts from radiation, 31,32 whereas flagellin, a 
ligand for TLR-5 is radioprotective to the intestinal epithelium in a 
mechanism involving MyD88-dependent signaling in bone 
marrow-derived cells. 33,34 Similar results have recently been 
shown for a TLR-9 ligand and for a probiotic acting via TLR-2 
and cyclo-oxygenase. 35,36 It thus appears that selective systemic 
activation of TLR-4, -5 or -9 can decrease the radiation-induced 
apoptosis of intestinal epithelial cells, acting via MyD88 and NF-kB, 
but that in the absence of pre-radiation activation, MyD88 has a 
different role, promoting radiation-induced apoptosis. These 
findings point to the importance of the crypt microenvironment 
in the regulation of radiation responses, and suggest that MyD88, 
probably acting in multiple cell types in response to different TLR 
ligands or cytokines such as interleukin-1 or -18, regulates 
intestinal epithelial cell fate. Further work will be needed to 
explore these possibilities. 

Our observations on the functions of MyD88 in colonic radiation 
injury provide interesting parallels to other models of colon 
disease that have been previously reported. For example, in colitis 
induced by feeding dextran sulfate sodium 14,23 or by infection 
with C. rodentium, 37,38 significantly lower acute inflammation was 
observed in the absence of MyD88. However, less-severe colitis in 
MyD88 knockout mice was accompanied by worse bleeding with 
dextran sulfate sodium, or bacteremia with C. rodentium. This 
finding is similar to our observation of the relative absence of 
mucosal inflammation 4.5 days following radiation of MyD88 
knockout mice. Other work showed that the development of 
colitis-associated tumors in IL-10 knockout mice was attenuated in 
the absence of MyD88, 39 as was tumorigenesis in Apc Min/+ mice 25 
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The pro-tumorigenic effect of MyD88 may reflect its role in 
regulating the inflammatory makeup of the crypt micro- 
environment. Taken together with our results, a critical role for 
MyD88 can be found in controlling the responses of colonic crypts 
to many types of injuries. 

The significance of our findings relates to the possibility of 
therapeutic manipulation of the colonic microbial-mucosal 
immune interface to mitigate the unwanted effects of radiation 
on colonic epithelium during radiotherapy of extra-intestinal 
tumors, or following exposure to single high-radiation doses in 
accidents or warfare. Our results suggest that the reduction of 
colonic microbial signaling or its modulation might protect the 
colon from the damaging effects of radiation. Promising results 
with probiotics in the prevention of radiation proctitis 40,41 suggest 
that this paradigm may be valid. 



MATERIALS AND METHODS 

Animals and radiation treatment 

The animals used in these studies were MyD88-deficient mice 42 or wild-type 
C57BI/6J mice (the Jackson Laboratory, USA). Mice were kept under standard 
conditions (ambient temperature 22±2°C, air humidity 40-70% and a 
12/12-h light/dark cycle) and continuous access to a standard diet and 
water. Animal protocols were approved by the NUI, Galway Committee for 
Animal Studies. To lower the abundance of colonic microbial colonization, 
established protocols using 4 weeks treatment with combination of 
antibiotics including neomycin, metronidazole, ampicillin and vancomycin 
in drinking water were applied to normal mice. 14 Mice received 14Gy dose 
of whole-body radiation, using a 137 Cesium y-source radiator at a dose rate 
of 23.5Gy min~ 1 (Mainance Engineering, Waterlooville, UK). Non- 
anesthestized mice were immobilized in a specific steel chamber, and 
radiation dose was monitored by a dose rate meter. The mice were killed at 
various time points after radiation. Segments of colons were excised 4 cm 
from the distal rectum, fixed in 4% paraformaldehyde for 16-24h, 
penetrated with 70% ethanol and paraffin-embedded. 

Crypt survival assay 

The crypt microcolony assay 4 was employed to evaluate the 
radiosensitivity of colonic crypts 4.5 days after whole-body radiation. 
Five-micrometer sections were deparaffinised, rehydrated and stained with 
haematoxylin & eosin (H&E). The total number of intact crypts per section 
was quantified under light microscopy (Olympus, Southend on Sea, UK). 

Immunofluorescence 

Five-micrometer colon tissue sections were permeabilised with 0.1% Triton 
X-1 00/0.1% sodium citrate solution for 10min, blocked in 1% normal goat 
serum in PBS for 30min, washed in PBS, and then respectively 
immunostained using either antibodies to phospho-Histone H2ax-Ser1 39 
(1:200, JBW301, Upstate Millipore corporation, Darmstadt, Germany), 
proliferating cell nuclear antigen (1:100, ab2426, Abeam), Ku70-80 (1:100, 
ab3108, Abeam), phospho-s1981-Atm (1:100, ab2888, Abeam) or Rad51 
(1:100, ab63801, Abeam). Immunostaining was visualized using mouse- or 
rabbit- secondary antibodies conjugated to Alexa-Fluor-488 (Invitrogen) and 
sections were mounted using Glycerol gelatin mounting media (Sigma) plus 
4', 6-diamidino-2-phenylindole (DAPI) (Sigma). A negative control without 
primary antibody was performed in all cases. Samples were analyzed under 
a fluorescence microscope (Olympus). The number of positive nuclei per 
crypt section was quantified by counting the number of 50-100 well- 
oriented intact crypts with a visible lumen in adjacent nuclei. 

Apoptosis analysis 

TUNEL assay was performed using in situ Cell Death Detection kit, AP 
(Roche, Dublin, Ireland), as recommended. The number of TUNEL-positive 
nuclei per crypt section was quantified by counting 50-100 well-oriented 
intact crypts with a visible lumen in adjacent nuclei. 

Statistical analysis 

Statistical significance was evaluated by Student's f-test or analysis of 
variance as appropriate, with a P-value of <0.05 considered statistically 
significant. 
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